Traumatic brain injury (TBI) produces a tis sue-specific decrease in protein levels of microtubule associated protein 2 (MAP2), an important cross-linking component of the neuronal cytoskeleton. Because mod erate brain hypothermia (30°C) reduces certain neurobe havioral deficits produced by TBI, we examined the effi cacy of moderate hypothermia (30°C) in reversing the TBI-induced loss of MAP2 protein. Naive, sham-injured, and moderate (2.1 atm) fluid percussion-injured rats were assessed for MAP2 protein content 3 h post injury using quantitative immunoreactivity measurements. Parallel groups of sham-injured and fluid percussion-injured ani mals were maintained in moderate hypothermia (30°C), as measured by temporalis muscle temperature, for MAP2 quantitation 3 h post injury. No difference in MAP21eveis
Moderate hypothermia has proven to be an effec tive strategy in the laboratory for protection of neu rons and neuronal function following CNS injury. Early clinical studies employing moderate whole body hypothermia in patients with stroke and brain injury were abandoned due to lack of standardized laboratory models for study and absence of con trolled trial methodologies. Recent studies employ ing moderate levels of hypothermia have shown ef ficacy in prevention of histological cell loss and diminution of neurological function following global and focal ischemia in rats (Busto et aI., 1987 (Busto et aI., , 1989 and gerbils (Clifton et aI., 1989) . Similarly, moder-was observed between naive and sham-iI1iured normo thermic animals. Hypothermia alone had no effect on sol uble MAP2 levels in sham-injured animals compared with normothermic sham-injured controls (88.0 ± 7.3%; p > 0.10). Fluid percussion injury dramatically reduced MAP21eveis in he normothermic group (44.3 ± 5.9%; p < 0.0005) compared with normothermic sham-injured con trols. No significant reduction of MAP2 was seen in the hypothermic injured group (95.2 ± 4.6%; compared with hypothermic sham-injured controls, p > 0.20). Although it is premature to infer any causal link, the data suggest that the attenuation of injury-induced MAP2 loss by hy pothermia may contribute to its overall neuroprotective action. Key Words: Cytoskeleton-Microtubules Neuronal death-Protease-Temperature-Trauma. ate hypothermia has attenuated the persistent neu robehavioral deficits that occur following fluid per cussion brain injury, a model of rodent traumatic brain injury (TBI) (Clifton et aI., 1991) . Since hypo thermia reduces TBI-induced neurobehavioral def icits, we have initiated a series of studies designed to examine some of the actions of hypothermia on specific molecular consequences of injury.
We have previously demonstrated that one of the early molecular events following moderate TBI in rodents is a tissue-selective loss of hippocampal mi crotubule-associated protein 2 (MAP2) levels (Taft et aI., 1991 (Taft et aI., , 1992 . A pronounced decrease in MAP2, measured by quantitative immunoreactivity with specific monoclonal antibodies, occurs within 3 h following TBI and occurs preferentially in hip pocampus rather than cortex. These observations were consistent with multiple lines of evidence in dicating that TBI produces preferential sublethal damage to the hippocampus, especially in CAl (Hayes et aI., 1992) . Importantly, although TBI does not produce hippocampal pyramidal cell death, injury is associated with persistent neurobe havioral deficits in spatial memory tasks that re quire intact hippocampal function . The loss of MAP2 protein levels may be an early indication of sublethal cytoskeletal disruption, which could contribute to the TBI-induced neuro logical deficits.
The present study represents our efforts to deter mine whether the protective action of hypothermia can also prevent the loss of MAP2 protein caused by injury. We compared the amount of MAP2 in naive, sham, and fluid percussion-injured groups of animals that differed only in their mean tempera ture, normothermia (37°C) or systemic hypothermia (30°C).
METHODS

Fluid percussion injury and tissue processing
Five groups of male Sprague-Dawley rats (250-350 g) were used in this study (n = 6-8 animals/group). (All animal studies carefully conformed to the guidelines out lined in the Guide for the Care and Use of Laboratory Animals from the U. S. Department of Health and Human Services and were approved in advance by the University of Texas Health Science Center at Houston Animal Wel fare Committee.) Naive rats were normothermic and were not exposed to surgery or injury. Normothermic rats were exposed to either sham injury or moderate (2.1 atm) levels of fluid percussion injury (see Dixon et aI., 1987, for details) . This level of injury is associated with motor performance deficits lasting 5-7 days and persis tent spatial memory deficits (Lyeth et aI., 1990) . Separate groups of hypothermic rats were also exposed to sham or moderate fluid percussion injury. Animals in the hypo thermic groups were placed in hypothermia (30°C) prior to injury and were maintained at that temperature for 60 min after injury. Temperature modulation was then dis continued and animals were allowed to rewarm to normal temperature (�20-30 min to regain normothermic levels). Hypothermia was induced by immersing the body of the anesthetized animals in ice water until temporalis muscle temperature had fallen to 32°C. The temperature then continued to fall to 30°C and was maintained at that level with intermittent application of ice packs. Temperature was monitored continuously with a thermistor probe im planted in the temporalis muscle, a location that accu rately reflects intracerebral temperature (Busto et al., 1987) . Although recent studies have demonstrated that indirect brain temperature measurements may underesti mate direct brain temperature under ischemic conditions (Miyazawa and Hossmann, 1992) , we have previously demonstrated a strong correlation between temporalis muscle temperature and intracerebral temperature in this (nonischemic) fluid percussion injury model (Jiang et aI., 1991) . All surgical procedures were performed under complete anesthesia induced by 2% isoflurane in a 2: 1 mixture of N20/02. Three hours following injury, animals were killed by in situ brain freezing using liquid N2. Briefly, the sacrifice methodology involved urethane anesthesia followed by pouring liquid N2 onto the exposed in situ brain through the craniotomy site. In situ brain freezing was performed to minimize post sacrifice ischemic artifacts that can oc cur following conventional methodologies. Prior to as sessment of MAP2 levels, all brains were stored intact at -75°C. Sections of dorsal hippocampus and adjacent cor tical tissues (taken 2-4 mm proximal to bregma) were microdissected from frozen brains to ensure tissue main tenance below O°C. Tissue was then homogenized at 4°C in an ice-cold homogenization buffer containing 20 mM 1,4-piperazinediethanesulfonic acid (pH 7.1), 2 mM eth yleneglycol-bis-tetraacetic acid, 1 mM ethylenediamine tetraacetic acid (EDTA), 1 mM dithiothreitol, 0.3 mM phenylmethylsulfonyl fluoride, and 0.1 mM leupeptin. The presence of chelators and protease inhibitors in the homogenization buffer restricts protease activity and MAP2 degradation during sample processing. Thus, alter ations in MAP2 levels reflect endogenous in situ pro cesses and not artifacts of tissue handling.
Sample processing and gel electrophoresis
Tissue homogenates were centrifuged at 100,000 g for 60 min at 4°C in a Beckman TL-lOO ultracentrifuge to obtain cytosolic and membrane fractions. Membrane pel lets were resolubilized in homogenization buffer, and then all samples were subjected to protein determination and balanced for protein content. Protein determination was performed using the Bradford procedure (1976) . Pro teins were solubilized by 2: 1 dilution in a sodium dodecyl sulfate (SDS)-containing stop solution (600 mM Tris, 200 mM EDTA, 10% sucrose, 3% SDS) and were heated for 5 min at 90°C. After reduction with l3-mercaptoethanol, proteins were resolved in a vertical electrophoresis cham ber using a 4.5% acrylamide stacking gel over a 6% acry lamide resolving gel. Routinely 25-50 f,Lg of sample pro tein was resolved in each lane.
Quantitative immunoreactivity of MAP2
Following separation by SDS polyacrylamide gel elec trophoresis (PAGE), proteins were immediately trans ferred to nitrocellulose by Western blotting technique as initially described by Towbin et al. (1979) . Briefly, lateral transfer between plate electrodes (Genie system; Idea Scientific) was employed in a transfer buffer containing 62.5 mM glycine and 50 mM Tris (pH 8.3). Transfer was routinely achieved using a constant current of 380 rnA (14 V) for 60 min at 4°C. Blots were typically dried and stored in the dark until immunolabeling. Prior to immunolabel ing, the nitrocellulose transfers were rehydrated and non specific sites were occupied with an overnight incubation in 3% horse serum at 4°C. Quantitative immunoreactivity of MAP2 was performed using a monoclonal antibody (monoclonal HM-2, 1 :500; Sigma Chemical) raised against MAP2. This monoclonal is not isoform-specific and therefore recognizes the isoforms MAP2a, 2b, and 2c. Following incubation with primary antibody, the blots were incubated with a secondary antibody linked to an alkaline phosphatase detection system (Vectastain; Vec tor Labs). The visualization of immunolabeling used 5bromo-4-chloro-3-indoyl phosphate/nitro blue tetrazoli urn as the active chromagen. Immunostaining on the blots was quantitated using a computer-assisted, linear scan ning densitometer in reflectance mode (Hoefer Scien tific). Data were routinely expressed as arbitrary densi tometric units obtained from the densitometric scans. Preliminary immunoblot experiments were performed us ing a wide protein concentration range to confirm linear-ity of immunostaining. The data were evaluated using analysis of variance and t test methods; values were con sidered significantly different when p < 0.05.
RESULTS
Sham injury does not affect MAP2 levels
Quantitation of MAP2 from normothermic sham injured animals correlated with MAP2 found in un injured naive controls. Naive animals were main tained in normothermia and were exposed only to in situ brain freezing and tissue extraction. MAP2 lev els from naive hippocampi did not differ signifi cantly from those of normothermic sham-injured animals in either soluble (p > 0.30) or particulate (p > 0.15) fractions. Cortical MAP2 levels were simi larly unchanged in sham-injured animals compared with naives in either soluble (p > 0.25) or particu late (p > 0.4) fractions. Thus, sham injury had no significant influence on any MAP2 levels examined.
Hypothermia does not affect MAP2 levels in sham-injured animals
We examined MAP2 levels in both soluble (100,000 g supernatant) and particulate (100,000 g pellet) fractions obtained from the hippocampi and cortices of both normothermic (37°C) and hypother mic (30°C) animals. We observed no change in the quantitative immunostaining of MAP2 caused by hypothermic exposure in sham-injured animals ( Fig. 1 ). Hypothermic MAP2 levels in hippocampus were 88.0% of normothermic control levels (p > 0.10) in soluble fractions and 96.0% of normother mic control levels (p > 0.30) in membrane fractions ( Fig. 1 ). Hypothermic MAP2 levels in cortex were 105.5% of normothermic control levels (p > 0.20) in soluble fractions and 91.1 % of normothermic con trol levels (p > 0.05) in membrane fractions. The data demonstrate that the induction of hypothermia does not affect either the quantity or the distribu tion of MAP2 in hippocampal and cortical brain samples.
TBI decreases MAP2 levels in hippocampus
Following SDS-PAGE and Western blotting, MAP2 routinely appears as a high molecular weight doublet on immunoblots ( Fig. 2A) . While sham in jury had no effect on MAP21evels, a moderate mag nitude (2.1 atm) of fluid percussion injury produced a significant decrease in hippocampal MAP2 ( Fig.  2A, lanes 1-4) . MAP2 levels in hippocampus were 55.7 ± 5.9% (p < 0.0005) in soluble fractions and 57.8 ± 4.4% (p < 0.0005) in particulate fractions, relative to normothermic sham animals (Fig. 2B) . No similar loss of MAP2 was observed in the over lying cortices taken from the same animals ( Fig. 2A,  lanes 5-8) . Cortical MAP2 levels were 89. 1 ± 1.4% 
HIPPOCAMPUS CORTEX
FIG. 1. Microtubule-associated protein 2 (MAP2) immunore activity in hippocampal and cortical fractions from sham injured rats maintained at normothermia (3]oC) and hypo thermia (30°C). Rats were anesthetized and either maintained at normothermia or maintained in hypothermia for 60 min prior to death 3 h post injury as described in Methods. Sec tions of dorsal hippocampus and the overlying cortical layers were homogenized, and soluble (100,000 g supernatant) and particulate (100,000 g pellet) fractions were prepared. Pro teins were separated by sodium dodecyl sulfate polyacryl amide gel electrophoresis and transferred to nitrocellulose. MAP2 levels were quantified from the nitrocellulose transfers using a monoclonal antibody raised against MAP2. MAP2 immunoreactivity is expressed in arbitrary densitometric units ± SO derived from densitometric scanning of the la beled blots. The data demonstrate that in sham-injured ani mals the induction of hypothermia did not affect MAP2 levels in any fraction examined. p > 0.1 for all relationships, n = 6/group.
(p > 0.05) in soluble fractions and 99.4 ± 13.9% (p > 0.45) in particulate fractions compared with nor mothermic sham animals ( Fig. 2B) . Thus, the loss of MAP2 induced by fluid percussion brain injury appears to be tissue-selective, affecting the hippo campal formation and not the overlying cortical lay ers.
Hypothermia attentuates TBI-induced loss of MAP2
We then investigated whether the induction of moderate hypothermia immediately prior to injury could reduce the loss of MAP2 immunoreactivity caused by injury. Our results demonstrate a marked cerebroprotective action of hypothermia in hippo campus (Fig. 3A) . In soluble fractions, hypothermic MAP2 levels after injury were 95.2 ± 4.6% of hy pothermic sham values (p > 0.2; Fig. 3B ). In mem brane fractions, hypothermic MAP2 levels post in jury were 99.6 ± 5.9% of hypothermic sham values (p > 0.4). Thus, the 44.3 and 42.2% MAP2 de creases observed following TBI in soluble and par- (MAP2a and 2b) . Odd-numbered lanes are from sham-injured animals; even-numbered lanes represent fluid percussion injured animals. MAP2 immunoreactivity from both hippo campus (lanes 1 and 2, soluble fraction; lanes 3 and 4, par ticulate fraction) and overlying cortex (lanes 5 and 6, soluble fraction; lanes 7 and 8, particulate fraction) are shown. All animals were from normothermic groups. B: Labeling of MAP2 was quantified from nitrocellulose transfers and is ex pressed as percentage of sham-injured control fractions. Val ues represent arbitrary densitometric units ± SD. The aster isks (" ) represent a statistically significant change relative to sham injury (p < 0.0005). The data demonstrate a significant loss of MAP2 immunostaining following fluid percussion in jury in hippocampal fractions. Injury did not affect MAP2 lev els in fractions obtained from the overlying cortical layers of the same animals. n = 6/group. ticulate fractions were almost completely blocked with the use of moderate levels of hypothermia.
DISCUSSION
Moderate hypothermia has been used previously to mitigate the neuronal damage caused by a variety of CNS insults, including ischemia. Recently, hy pothermia has been used successfully to ameliorate the neurobehavioral deficits that occur following TBI in rats (Clifton et aI., 1991) . The principal find ing of this report is that hypothermia prevents the decrease in MAP2 protein levels in hippocampus caused by injury (Taft et aI., 1991 (Taft et aI., , 1992 . Moderate fluid percussion injury induces a 44.3% decline in the amount of hippocampal MAP2 protein within 3 h following injury. The pre injury induction of mod erate (30°C) hypothermia, and its maintenance at least 60 min after injury, completely blocked the injury-produced loss of MAP2. Hypothermic pro tection of MAP2 labeling was observed in both sol uble and particulate fractions, suggesting that par titioning artifacts caused by hypothermia were not the basis of hypothermic protection. Similarly, hy pothermia alone did not affect MAP2 levels in either soluble or particulate fractions. Although it is pre mature to infer any causal link, the data collectively suggest that the neuroprotective action of hypother mia may, at least in part, be due to the preservation The data suggest that hypothermia almost completely re verses the injury-induced loss of MAP2. n = 6/group. of MAP2 levels after injury. This report represents the first demonstration of the influence of hypother mia on potentially functionally relevant structural changes induced by TBI. The TBI-induced loss of MAP2 protein demon strated here and in earlier reports (Taft et aI., 1991 (Taft et aI., , 1992 occurs at magnitudes of injury not associated with histopathological loss of hippocampal neurons (Lyeth et aI., 1990) . Thus, the traumatic damage suffered by neurons is sublethal. However, the cy tological consequences of the loss of MAP2 protein caused by TBI would likely be significant. MAP2 is a principal protein component of microtubules. It is a high molecular weight protein doublet that pro motes microtubule assembly in vitro (Murphy and Borisy, 1975; Kim et aI., 1979) and may regulate microtubule interaction with other cytoskeletal ele ments (Heimann et aI., 1985; Selden and Pollard, 1983) . Microtubules have many important func tions, including mitotic movement of chromo somes, neurotransmitter release, structural growth and stabilization of neuritic processes, and provid ing a superstructure for fast axoplasmic transport (for reviews see Dustin, 1984; Avila, 1991) . The compromise of these mechanisms induced by the loss of MAP2 could critically affect the function of sublethally injured neurons. Studies of the effect of more severe magnitudes of TBI on cytoskeletal ab normalities and histopathological correlates are cur rently underway.
Due to the selective vulnerability of the hippo campal formation to sublethal traumatic injury (for review see Hayes et aI., 1992) , we have compared MAP2 levels in both hippocampal and cortical tis sue following injury. Moderate levels of TBI such as those induced by fluid percussion methodologies cause well-characterized neurobehavioral deficits and sublethal derangements that preferentially in volve the hippocampus. Several lines of evidence suggest that sublethal damage occurs in the hippo campus. First, TBI produces an increased and se lective vulnerability of the hippocampus to second ary ischemic insult (Jenkins et aI., 1989) . Second, TBI causes persistent deficits in spatial memory performance tasks that are dependent on intact hip pocampal function (Dixon et aI., 1987; Lyeth et al. , 1990) . Finally, TBI alters hippocampal receptor binding (Miller et aI., 1991) and impairs hippocam pal long-term potentiation induction (Miyazaki et aI., 1992) post injury. Thus, the hippocampus ap pears selectively vulnerable to the type of sublethal damage induced by fluid percussion injury. The ob servation of selective loss of MAP2 in the hippo campal formation following TBI, and its reversal with moderate hypothermia, suggests that this cy-J Cereb Blood Flow Metab, Vol. 13, No. 5, 1993 toskeletal disturbance may play a significant role in the biochemical processes associated with sublethal hippocampal dysfunction.
Fluid percussion injury in rodents produces neu ronal pathophysiology that is attributable in part to receptor-mediated excitotoxic events (Hayes et aI., 1988; Faden et aI., 1989; Hayes et aI., 1992) . TBI induces widespread membrane depolarization and excessive release of neurotransmitters, including acetylcholine and glutamate (Katayama et aI., 1990) . The efficacy of cholinergic and glutamatergic receptor blockade in ameliorating TBI-induced def icits (Hayes et aI., 1988; Jenkins et aI., 1988) indi cates that excitotoxicity contributes substantially to TBI pathophysiology. Importantly, cytoskeletal disturbances, and specifically the loss of MAP2 pro tein, have been directly implicated in the cascade of intracellular events produced by excitotoxicity. When exposed to excitotoxic levels of glutamate and glutamatergic agonists in situ, hippocampal neurons undergo a period of cytoskeletal degrada tion that ultimately culminates in neuronal death (Siman and Noszek, 1988; Siman et aI., 1989) . The mechanisms implicated are increased intracellular calcium and pathological activation of calcium dependent proteases such as calpain. Calpain is found throughout the nervous system, but is partic ularly concentrated in the hippocampus (Siman et aI., 1985) . The principal substrates of calpain are cytoskeletal proteins, including MAP2, spectrin, tau, and neurofilament proteins (Zimmerman and Schlaepfer, 1982; Seubert et aI., 1987; Johnson et aI., 1989 Johnson et aI., , 1991 . Since inhibition of calpain activity and subsequent blockade of cytoskeletal degrada tion prevent excitotoxic cell death in situ (Siman and Noszek, 1988; Siman et aI., 1989) , we have in vestigated the putative loss of MAP2 following ex citotoxic TBI.
The underlying mechanisms producing the cere broprotective action of hypothermia remain un clear. Although it is likely that this type of systemic intervention may produce many identifiable effects, several particular consequences have been investi gated. Hypothermia has been shown to decrease intracellular acidosis caused by ischemia (Norwood and Norwood, 1982) , reduce the metabolic require ments of the brain (Siesjo, 1978) , and significantly ameliorate trauma-induced edema (Clasen et aI., 1968) . Of particular relevance to fluid percussion injury, however, Busto et al. (1989) have demon strated that moderate cerebral hypothermia (30°C) dramatically attenuates the levels of excitotoxins (glutamate and aspartate) accumulating after isch emic injury. Fluid percussion injury in rats, of the type reported here, produces a significant increase in excitatory glutamate (Faden et al., 1989; Katayama et aI., 1990) and acetylcholine (Gorman et aI., 1989) levels. Significantly, moderate hypo thermia (30°C) completely attenuates the TBI induced increase in CSF acetylcholine following moderate fluid percussion injury in rats (Lyeth et aI., 1991) . The blunting of the excitotoxic response to CNS injury may be a key feature of the efficacy of hypothermia in attenuating the TBI-induced loss of MAP2 protein.
The loss of MAP2 immunostaining, presumably caused by proteolytic degradation of MAP2 protein in situ, has been reported previously following glob al cerebral ischemia in rats and gerbils (Kitagawa et aI., 1989; Hara et aI., 1990; . The authors concluded that the loss of MAP2 was a particularly sensitive and early event in the cascade of intracellular biochemical events in the pathway of excitotoxic neuronal death in hippocampus. The finding of a qualitatively similar loss of MAP2 fol lowing TBI may be providing profound clues re garding sublethal pathophysiological changes fol lowing traumatic injury to the brain. Previous ad vancements in illuminating TBI pathology have emphasized the damage that occurs to axons and the axonal cytoskeleton (see Povlishock, 1992 , for review). Since MAP2 is localized exclusively in the somal and dendritic compartments of neurons (Bernhardt and Matus, 1984; Riederer and Matus, 1988) , the observation of MAP2 loss following TBI suggests a strong somatodendritic component to the pathophysiology of traumatic injury. Thus, even at sublethal magnitudes of injury, cytoskeletal damage occurs in the somatodendritic compartment follow ing TBI.
In summary, we report that TBI induces a tissue specific loss of hippocampal MAP2 protein mea sured 3 h after injury. The TBI -induced loss of MAP2 is completely diminished by pretreatment with moderate hypothermia (30°C). Hypothermia alone has no effect on the total amount or the dis tribution of MAP2 immunostaining. The data sug gest that cytoskeletal disturbances induced by in jury may underlie the persistent neurobehavioral deficits induced by sublethal TBI, and further, that prevention of cytoskeletal disruption is linked with amelioration of injury-induced deficits. The study further suggests that hypothermia may be a useful therapeutic strategy for reversing the deficits in duced by human TBI, at both the functional and the molecular levels. Based on the efficacy and hypo thermia in reducing neurobehavioral deficits follow ing TBI in the laboratory, clinical trials employing systemic moderate hypothermia in human TBI are currently underway (Clifton et aI., 1992) . Future laboratory studies will investigate whether cyto skeletal disruption plays a causal role in the devel opment of persistent neurobehavioral deficits.
